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Abstract Immobilized enzyme reactors (IMERs) produced
by the covalent attachment of ribonuclease A to macro-
porous methacrylate-based monolithic supports using
different experimental approaches are discussed and
compared. Enzyme immobilization was carried out by
direct covalent binding, as well as through attachment
via a polymer spacer. The kinetic properties of an
IMER operating in either recirculation mode or zonal
elution mode were studied. Additionally, the effect of flow
rate on the bioconversion efficiency of each IMER sample
was examined.
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Introduction

Enzyme immobilization is one of the leading methods
employed in biotechnology and bioengineering because of
the low cost-to-benefit ratios of real-world processes based
on such biocatalytic systems. Attaching enzymes to a solid
permeable support results in new advanced properties, such
as significant stabilization of the protein macromolecule due
to the restrictions on its spatial mobility and conformational
rearrangements. In turn, this fixed conformation of the en-
zyme maintains its efficiency (catalytic activity) over a long
period of time, as structural changes that could result in
reduced efficiency are hindered.

Immobilization of enzymes on a solid support has several
well-known advantages: long-term reusability, easy removal
of products from the reaction mixture, better control and
rapid termination of catalyzed reactions at crucial moments,
lack of contamination with residual enzyme, and enhanced
enzyme stability (for example, when it is attached via mul-
tiple covalent bonds) [1]. In addition, immobilization of
enzymes protects their specific activities from inactivating
processes.

Major enzyme immobilization methods include at-
tachment to a surface of a natural or synthetic support
(adsorption, chemical binding), entrapment in a poly-
meric structure (gel, membrane capsule, hollow fiber),
as well as crosslinking the enzyme macromolecules with
bi- or polyfunctional agents [2]. Among these methods,
the covalent binding of enzyme to a support has been
the most extensively studied [3]. Immobilization of the
protein to a matrix by chemical binding is characterized
by high efficiency and bond strength. The effect of the
immobilization on enzyme activity is variable; it is
influenced by changes in the structure of the enzyme macro-
molecule and its conformation as well as limitations of the
diffusion of the substrate when attempting to access the
enzyme’s active site.
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Older flow-through enzyme reactor models utilized a col-
umn packedwith porous beads modifiedwith enzyme, and the
substrate molecule usually had to diffuse into the pores of the
packing material in order to interact with the active site of the
biocatalyst. On the other hand, macroporous monolithic sorb-
ents, which are characterized by extremely high permeability
to liquid flow and are widely used in modern liquid chroma-
tography, provide excellent conditions for all processes based
on interphase mass exchange, even when large bioobjects are
involved [4, 5]. Monolithic supports are characterized by high
mechanical and chemical stability, good mass transfer prop-
erties, sufficiently high surface area, and a relatively small
pressure drop due to their bimodal porous structure [6]. In
addition, this class of materials possesses important advan-
tages such as simplicity of preparation and ease of operation.

Considering the mentioned above advantages ofmonoliths,
they have also become popular for preparing flow-through
immobilized enzyme reactors (IMERs) [7]. Currently, most
published works describing examples of the preparation and
application of IMERs relate to the field of proteomics.
Bioreactors constructed using monolithic supports allow en-
zymatically catalyzed reactions to be performed within a few
minutes and facilitate the integration of the bioreactor into
instrumentation that enables the online analysis of protein
digestion products. Due to high scientific interest in this field,
many reviews of it have been published recently [7, 8].
Proteomics aside, reports on the development and study of
IMERs for pharmaceutical [1, 9, 10], biodiesel, or oligosac-
charide [11–13] production, for biosensing [14], as well as for
removing some sample biocontaminants [15] can be found in
the current literature. However, the fundamental aspects of the
application of monolithic materials as highly permeable solid
phases for flow-through enzyme reactors are still to be inves-
tigated thoroughly.

Recently, we studied the effect of introduction of a spacer
to distance the enzyme molecules from the surface on the
properties of an IMER operating in recirculation mode [16].
For this purpose,α-chymotrypsin was immobilized via water-
soluble, biocompatible, aldehyde-bearing, macromolecular
spacers onto the surfaces of short monolithic columns (CIM
epoxy disks). It was established that immobilization of the
enzyme via a copolymer based on 2-deoxy-N-methacryloyla-
mido-D-glucose positively influences the activity of the bound
enzyme. The specific activity of the resulting IMER was close
to that of soluble α-chymotrypsin and approximately three-
fold higher than that found for the enzyme immobilized the
enzyme immobilized directly on the surface of the monolithic
support.

In the present work, we discuss the preparation and char-
acterization of ribonuclease-based IMERs, as well as results
from investigations of their kinetic properties and a compari-
son of the properties of IMERs with different designs (disk or
column) operated in different ways (in either recirculation

mode or zonal elution mode). Ribonuclease A (RNase) is a
member of a class of nucleases that catalyzes the degradation
of RNA under physiological conditions [17]. Benčina et al.
reported that ribonuclease A immobilized on polymethacry-
late monoliths (CIM disks) can be used to remove RNA
contaminants from DNA and protein samples [18]—a vital
task in gene therapy and DNA vaccine production.

In our work, two kinds of monolithic materials—CIM-
epoxy disks and polymethacrylate-based columns made
in the lab—were used as stationary phases. The IMERs
were prepared in two ways: by the direct covalent bind-
ing of RNase onto the surface of the monolithic disk, or
by reaction functional groups of the enzyme with active
groups of a macromolecular spacer introduced into the
sorbent structure beforehand. A quantitative comparison
of the efficiency of the RNase bound using each method
and operated in different modes was performed. The
kinetic studies were carried out using a specific low-
molecular mass substrate, cytidin-2′,3′-cyclic monophos-
phate. The highly permeable ribonuclease-based reactors
obtained were tested at different speeds of substrate
solution flow to examine the dependence of the enzymat-
ic activity on this important IMER parameter.

Materials and methods

Reagents and materials

Ribonuclease A (RNase A, EC 3.1.27.5) from bovine pan-
creas, cytidin-2′,3′-cyclic monophosphate (CCM), cytidin-2′
(3′)-monophosphate, sodium borohydride, and periodic acid
were purchased from Sigma (Taufkirchen, Germany).
Glycidyl methacrylate (GMA, 97 % pure), glycerol dime-
thacrylate (GDMA, 85 % pure), ethylene dimethacrylate
(EDMA, 98 % pure), azobisisobutyronitrile (AIBN, 98 %
pure), dodecanol (99 % pure), and cyclohexanol were pur-
chased from Sigma–Aldrich Russia (Moscow, Russia).
Analytical-grade sodium dihydrogen phosphate dihydrate,
disodium hydrogen phosphate dodecahydrate, sodium tetra-
borate decahydrate, tris(hydroxymethyl)aminomethane, eth-
ylenediaminetetraacetic acid disodium salt (EDTA), sodium
chloride, sodium hydroxide, as well as 25 % aqueous am-
monium solution and hydrochloric acid were purchased
from Vecton Ltd. (St. Petersburg, Russia). The buffer solu-
tion was prepared by dissolving salts in distilled water and
filtering through a 0.45 μm membrane Millipore filter.

The water-soluble polymer of 2-deoxy-N-methacryloyla-
mido-D-glucose (pMAG), MW 25,000, was synthesized by
radical polymerization, characterized, and then oxidized to
generate reactive aldehyde groups (Fig. 1) using a previously
developed protocol [19]. The oxidized pMAG (ox-pMAG)
contained 28 mol% aldehyde groups.
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CIM-epoxy disks (12×3 mm, monolith volume 0.34 mL)
and appropriate CIM housing were obtained from BIA
Separations (Ljubljana, Slovenia). Stainless steel tubes 50 mm
in length and 4.6 mm i.d. from Supelco (Bellefonte, PA, USA)
were used as molds for the synthesis of monolithic columns.

Instrumentation

The experiments performed in recirculation mode were car-
ried out using a low-pressure chromatographic system in-
cluding a Masterflex Console Drive Easy-Load II model
77201–60 pump (Cole-Parmer Instrument Company,
Vernon Hills, IL, USA) and a 2138 Uvicord S UV detector
(Pharmicia LKB, Uppsala, Sweden). In zonal elution mode,
a Shimadzu chromatographic system (Columbia, MD, USA)
consisting of an LC-10 AD VP pump, an SPD-10AV VP
spectrophotomeric detector and an SCL-10A VP system
controller was used. The absorbances of the analyzed sol-
utions were measured with a UVmini-1240 UV–Vis spec-
trometer (Shimadzu, Kyoto, Japan).

Methods

Synthesis and characterization of polymethacrylate
monolithic rods (columns)

Three kinds of polymer monolithic supports with close porous
characteristic were synthesized in a column mold using a
thermo-initiated polymerization procedure: (I) poly(glycidyl
methacrylate-co-ethylene glycol dimethacrylate) (GMA-
EDMA); (II) poly(glycidyl methacrylate-co-2-hydroxyethyl
methacrylate-co-ethylene glycol dimethacrylate) (GMA-

HEMA-EDMA); and (III) poly(glycidyl methacrylate-co-
glycerol dimethacrylate) (GMA-GDMA). A polymerization
mixture containing the monomers, porogens, and AIBN as the
initiator was used in the synthesis. The selected component
ratios in the reaction phase were 60:40 vol% for functional
monomer:crosslinker and 40:60 vol% for monomers:poro-
gens. The concentration of initiator was 1.0 % of the mass
of monomers. To optimize the porogenic solvent composition,
mixtures with different combinations and ratios of dodecanol,
cyclohexanol, and toluene were tested. All solutions were
purged with nitrogen for 5 min before polymerization. The
mixture was then placed into the stainless steel tubing and
incubated in water maintained (using a thermostat) at 70 °C.
The optimal experimental conditions for achieving close col-
umns characteristics can be found in Table 1.

After the polymerization process had completed, the
ready-to-use monolithic columns were installed into the
chromatographic system and washed with ethanol, ethanol:
water (1:1, vol), and then with water for 3 h at a flow rate of
0.5 mL min−1.

The characteristics of the monolithic columns obtained
(permeability, mean pore size, as well as porosity) were calcu-
lated from their flow-through properties. According to theory
[20], the permeability (B) for flow-through monoliths can be
calculated using an equation based on Poiseuille–Darcy’s law:

B ¼ ηFL pr2ΔP
� ��

; ð1Þ

where F is the flow rate through the monolithic phase (m3 s−1),
η is the viscosity of the mobile phase (Pa s); L is the effective
length of the monolith (m); r is the inner radius of the monolith
(m), and ΔP is the pressure drop in the monolith (Pа).

Fig. 1 Scheme for the
synthesis of poly(2-deoxy-N-
methacrylamido-D-glucose)
(pMAG) and its oxidation,
resulting in the formation of the
aldehyde-bearing spacer [oxi-
dized poly(2-deoxy-N-metha-
crylamido-D-glucose, ox-
pMAG), 28 mol% ox-MAG,
MW 25,000]

Table 1 Characteristics of the polymethacrylate monolithic columns

Column
type

Monolithic material Monomer content in
polymerization mixture (vol%)

Porogens Permeability
B (m2)

Mean pore
size (nm)

Porosity
(%)

I GMA-EDMA 60:40 DoOH 0.8×10−14 630 65

II GMA-HEMA-EDMA 35:25:40 DoOH:CyOH06:1 0.8×10−14 670 60

III GMA-GDMA 60:40 DoOH:CyOH:toluene06:3:1 0.9×10−14 660 67

Conditions: mold dimensions: 50 mm×4.6 mm i.d.; monomers:porogens040:60 (vol%); polymerization time for columns I and III was 8 h, and
that for column II was 12 h; polymerization temperature was 70 °C. Column characteristics were determined at a flow rate of 0.5 mL min−1 .
Interbatch RSD values for column parameters ranged from 0.4 to 1.5 %
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The permeability of a monolith with channels of diameter
d can be estimated from the following equation [20]:

B ¼ "d2 32= ; ð2Þ
where ε is the sorbent porosity, determined from a relation
between the elution volume of the unretained component
and the volume of the monolith [21]:

" ¼ Ve � Vcð Þ Vm= ; ð3Þ
where Ve is the elution volume (m3), Vc is the elution volume
without the column (system volume) (m3), and Vm is the
monolith volume (m3).

The permeabilities of the synthesized monoliths were cal-
culated using water as the flowing liquid and Eq. 1. To deter-
mine the porosity, a 0.1 g L−1 solution of the low molecular
mass compound uracil dissolved in a mobile phase consisting
of acetonitrile and water (1:1) was passed through a column.
The detection of the elution zone was achieved at a wavelength
of 254 nm. Porosity was calculated using Eq. 3. The mean pore
diameter was estimated by substituting the established values
of permeability and porosity into Eq. 2.

Direct immobilization of ribonuclease A

Before immobilization, the CIM-epoxy disk was washed
with 20 % ethanol and then with water and finally equili-
brated with 0.1 M sodium borate buffer, pH 9.4 (immobili-
zation buffer). The procedures used to immobilize the
RNase onto the disks and columns were similar. RNase

was dissolved in immobilization buffer at a concentration
of 5 mg mL−1. 1.5 mL of RNase solution were pumped
through the disk at a flow rate of 0.5 mL min−1 to fill the
void space of the monolith. The loaded monolith was incu-
bated for 21 h at 22 °C. After immobilization was complete,
the RNase-modified disk was installed into the chromato-
graphic system and washed with 10 mL of immobilization
buffer, then with 3 mL of 2 M NaCl, and finally distilled
water up to the baseline to remove unbound protein. For the
monolithic columns made in the lab, the solution volumes
were increased 2.5-fold compared to those used for the
disks.

The amount of RNase covalently coupled to the support
(q) was calculated as mg protein per disk/column in the
following manner: qRNase 0 (amount of protein in initial
solution) – (amount of protein in the same solution after
immobilization) – (amount of protein in the washout). To
determine the unreacted fraction of the enzyme, the enzyme
solution was quantified with the Lowry assay [22] using an
RNase A calibration curve constructed beforehand.

The immobilized enzyme reactors obtained were equili-
brated with 0.01 M sodium phosphate buffer (pH 7.0) con-
taining 0.15 M NaCl (0.01 M PBS) and stored at 4 °C.

Immobilization of ribonuclease A through a polymer spacer
(ox-pMAG)

Figure 2 shows the experimental approach developed for the
immobilization of RNase on the surfaces of GMA monoliths

Fig. 2 Scheme for the immobilization of RNase via an aldehyde-
bearing macromolecular spacer on the surfaces of epoxy-bearing
monoliths: (a) amination of epoxy groups of GMA-containing polymer
monoliths; (b) the covalent binding of aldehyde-bearing macromolec-
ular spacer; (c) enzyme immobilization through Schiff base linkages;

(d) reduction of unreacted aldehyde groups and imine bonds by sodium
borohydride; (e) the end-capping of the residual aldehyde groups with
lysine and the reduction of the formed imine bonds; (f) the end-capping
of residual aldehyde groups with hexylamine, followed by the same
reduction step
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using an intermediate polymer spacer (ox-pMAG). Prior to
the binding of the aldehyde-bearing spacer, the epoxy
groups of the monolithic material were converted into amino
groups. To perform this reaction, a large excess of 25 %
aqueous ammonium solution was pumped through the
monolithic disk/column. The loaded monolithic columns
were then incubated for 5 h at 40 °C; after that, the function-
alized monoliths were equilibrated with distilled water, and
then with 0.01 M PBS.

The solution of the polymer spacer was prepared by
dissolving ox-pMAG in 0.01 M PBS, pH 7.0, until a con-
centration of 0.65 mg mL−1 was obtained for the immobili-
zation of RNase on the disks and 0.45 mg mL−1 for the
preparation of the column IMER. The porous space in the
amino-bearing disk or column was filled by pumping in 1.5
or 4.0 mL of polymer solution, respectively. After that, the
loaded disk/column was incubated for 1.5 h at 22 °C. The
activated sorbent was rinsed with 0.01 M PBS for 10 min at
a flow rate of 0.5 mL min−1.

To immobilize RNase A, the ox-pMAG-bearing mono-
lithic disk or column was equilibrated with 0.01 M sodium
borate buffer (pH 8.4) and then the porous space of the
sorbent was filled by pumping in 1 or 3 mL of enzyme
solution, respectively. RNase was dissolved in 0.01 M so-
dium borate buffer (pH 8.4) at a concentration of 5 mg mL−1

for immobilization on the disks and 4 mg mL−1 for the
preparation of the column IMER. The monoliths loaded
with RNase were left to react for 1.5 h at 22 °C. The
washing procedures, as well as the calculation of the amount
of RNase A coupled to the support, were performed in the
same way as described above (see the section “Direct im-
mobilization of ribonuclease A”). In the final step, imine
bonds (Schiff bases) were reduced using 2 mg mL−1 aque-
ous sodium borohydride solution for 1 h at 22 °C.

In the preparation of the disk-shaped IMER, different
ways to quench the residual aldehyde groups on the polymer
spacer were studied. In particular, the remaining aldehyde
groups were blocked with hydrophilic (lysine) or hydropho-
bic (hexylamine) compounds. In both cases, the blocking
agents were dissolved in 0.01 M sodium borate buffer (pH
8.4) at concentration of 1 mg·mL−1 and pumped through the
disks (1.5 mL each). The reaction proceeded for 1 h at 22 °
C. After that, the IMERs obtained were washed with dis-
tilled water and treated with sodium borohydride solution as
described above.

The immobilized enzyme reactors were equilibrated with
0.01 M sodium phosphate buffer (pH 7.0) containing
0.15 M NaCl (0.01 M PBS) and stored at 4 °C.

Determination of kinetic parameters

The measurements of the kinetic parameters of RNase
immobilized on surfaces of monolithic materials were

carried out using two experimental methods: substrate recir-
culation mode for the disk IMERs, and zonal elution mode
for the polymethacrylate monolithic columns made in the
lab.

In both cases, the rate of hydrolysis was calculated according
to the increase in absorbance of the products during the initial
step in the reaction (linear part of the kinetic curve). The
apparent values of the Michaelis constant (КM) and the maxi-
mum velocity of the enzymatically catalyzed reaction (Vmax)
were calculated using a graphical method based on plotting the
dependence of the velocity of hydrolysis (V) on the substrate
concentration ([S]) (Michaelis–Menten plot) and its subsequent
linearization in coordinates of [S]/V−[S] (Hanes plot).

The rate of the enzymatic reaction V (μmol L−1 min−1)
was calculated as

V ¼ P½ � tr= ; ð4Þ
where tr is the reaction time (min) and [P] is the concentra-
tion of the product (μmol L−1) calculated from experimental
data using equation:

P½ � ¼ $An "nl= ; ð5Þ
where $An is the increase in absorbance after the enzymatic
reaction related to product formation, εn is the extinction
coefficient of the reaction product, l is the spectrophotome-
ter cuvette thickness.

For flow-through systems, the reaction time is defined by
the residence time of the product inside the sorbent layer,
and depends on the flow rate in the column. According to
the protocol provided by Benčina et al. [23] for zonal and
frontal elution modes, the reaction time (tr) coincides with
the residence time (tres), and can be calculated from the flow
rate and pore volume of the monolith using the following
equation:

tres ¼ Vb Φ= ; ð6Þ
where Vb is the pore volume of the monolith (bed volume, in
mL), and Φ is the flow rate (mL min−1).

In our case, Eq. 6 was used to calculate the residence time
in the zonal elution experiments. For bioreactors functioning
in recirculation mode, the reaction time was determined as
follows:

tr ¼ tres � N ; ð7Þ

where N is the number of cycles during recirculation.
If the values of Vmax and the reaction volume are known,

the active units of the immobilized enzyme or the enzyme
activity (U) is calculated as follows:

U ¼ Vmax � 8 ; ð8Þ
where U is the activity of the enzyme (μmol min−1), and φ is
the reaction volume (L).
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Another kinetic parameter, the turnover number of the
enzyme (k3), was found as follows [24]:

k3 ¼ Vmax E½ �= ; ð9Þ
where [E] is the enzyme concentration (mol L−1).

The specific activity (Asp) of the immobilized RNase A
was determined by dividing the immobilized enzyme activity
(U) by the amount of immobilized enzyme:

Asp ¼ U m= ; ð10Þ
where Asp is the specific activity (μmol min−1 mg−1), and m is
the amount of enzyme (mg).

In all experiments, the temperature was constant and
equal to 22 °C. The kinetic study was performed using the
specific substrate cytidin-2′,3′-cyclic monophosphate and
the optimized (for the RNase activity assay) mobile phase
10 mM Tris–HCl, pH 7.5, containing 2 mM EDTA and
0.1 M NaCl (operating buffer). The absorbence measure-
ments were carried out offline using a UV spectrophotom-
eter at 288 nm. To calculate the concentration of the product,
an extinction coefficient of cytidin-2′(3′)-monophosphate at
288 nm of 2960 M−1 cm−1 was used. OriginPro 8.1 software
was applied for graph plotting.

Recirculation
mode:

3.4 mL of substrate solution in the
operating buffer was recirculated through
the disk IMER for 45 min at different flow
rates (0.5, 1.0, or 2.0 mL min−1). The
substrate concentrations were varied from
0.17 to 1.93 mM.

Zonal elution
mode:

100 μL of substrate solution in the
operating buffer was injected into the
column IMER. The substrate concentration
was varied from 0.06 to 1.7 mM. The
substrate hydrolysis reaction was
performed at flow rates of 0.3, 0.5, and
1.0 mL min−1.

The correlations between the flow rate and the linear flow
velocity for disk and column bioreactors are presented in
Table 2.

Results and discussion

IMER preparation

CIM-disk-based IMERs

It is well known that immobilization leads to significant
stabilization of the enzyme macromolecule. At the same
time, the covalent binding associated with the immobiliza-
tion often leads to a decrease in enzymatic activity. Along

with the effects of surface structure and diffusion limita-
tions, the microenvironment of the immobilized enzyme (as
defined by the support’s properties) strongly influences its
characteristics. Choosing the optimal method and conditions
for covalent enzyme immobilization seems to be extremely
important. The effect of the solid matrix on enzyme activity
and biomolecule flexibility (which is important as it facili-
tates accessibility to the active center of the biomolecule)
can be minimized by introducing a spacer that distances the
enzyme from the surface of the solid phase.

In our study, RNase was immobilized on GMA-EDMA
monolithic disks in two ways: the direct, one-step reaction
of amino groups on the enzyme with the original epoxy
groups of the solid matrix; or the covalent attachment of
the enzyme to an aldehyde-bearing spacer that was intro-
duced into the solid matrix beforehand (i.e., immobilization
through a spacer). Direct protein immobilization via the
epoxy groups of monoliths based on the GMA-EDMA
copolymer is the most commonly applied method [13, 15,
25–27]. This approach provides highly stable covalent
bonds that prevent enzyme leakage.

In contrast to direct coupling, RNase immobilization
through a polymer spacer (ox-pMAG) includes several steps
(Fig. 2): amination of the epoxy groups of the monolithic
material, covalent binding of the aldehyde-bearing spacer,
and then enzyme immobilization with the formation of
imine bonds (Schiff base linkages). In a final polishing step,
the reduction of unreacted aldehyde groups and unstable
imine bonds using sodium borohydride is strongly recom-
mended. This procedure was recently developed for α-
chymotrypsin IMER preparation, where the covalent bind-
ing of the enzyme was performed through another aldehyde-
bearing spacer [16]. In that study, the macromolecular spac-
er selected for investigation was the hydrophilic polymer of
2-deoxy-N-methacrylamido-D-glucose (pMAG) with an
MW 25,000. This polymer is a water-soluble and biocom-
patible compound [17] for which aldehyde groups can be

Table 2 The correlations between the flow rate and the linear flow
velocity for CIM disks and monolithic columns created in the lab

Monolithic column Flow rate F
(mL min−1)

Linear flow velocity ν a

(cm min−1)

CIM short column (disk)
(3 mm×12 mm i..d.)

0.5 0.7

1.0 1.5

2.0 3.0

Column made in the lab
(50 mm×4.6 mm i..d.)

0.3 3.0

0.5 5.0

1.0 10.0

a The linear flow velocity (ν) expressed in cm min−1 was calculated
using the following equation: v ¼ F S"= , where F is the flow rate
(cm3min−1 ), S is the cross-sectional area of the column (cm2 ), equal to
πr2 , and ε is the porosity of the monolith
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generated by periodate oxidation. The high reactivity of
these aldehyde groups allows fast covalent binding of
amino-bearing ligands (e.g., enzymes) under mild condi-
tions, with water as the only side product. The structure of
the applied polymer, as well as reaction schemes for its
synthesis and activation, are presented in Fig. 1.

To accurately compare the properties of the various
IMERs, the amount of enzyme attached to the monolithic
support must be the same in each case. In contrast to the
well-known procedure of direct protein immobilization,
when the RNase was immobilized through the macromolec-
ular spacer, it was necessary to optimize the amounts of the
reagents used. It was established that the concentrations of
ox-pMAG and enzyme that were needed to achieve an
RNase immobilization capacity close to that obtained with
direct attachment were 0.65 and 5.0 mg mL−1, respectively.
In our case, the RNase immobilization capacities for both
methods of IMER preparation were close to 0.9 mg per disk.

To study the effect of the microenvironment, two bio-
reactors were prepared. In the first, the residual aldehyde
groups of the polymer spacer were end-capped with a
charged hydrophilic agent (lysine); in the second, these
groups were quenched using a hydrophobic substance
(hexylamine) (Fig. 2). The amount of RNase coupled using
each approache can be found in Table 3.

Column synthesis and IMER preparation

To obtain polymethacrylate monolithic columns with differ-
ent hydrophobic/hydrophilic properties and desirable porous
characteristics that allow the immobilization of sufficient
amounts of enzyme, the synthetic conditions for several
GMA-containing polymer monoliths were optimized.
Three types of polymer monoliths were prepared: columns
based on GMA-EDMA, GMA-HEMA-EDMA and GMA-
GDMA copolymers.

It is well known that the larger the average pore size, the
better the interphase mass exchange. In our case, this means

that sufficient free space is available for the enzyme to
assume its favored conformation, allowing effective interac-
tion of the enzyme’s active site with the corresponding
substrate. However, increasing the pore size leads to a
decrease in the specific surface area, which, in turn, leads
to a reduction in the amount of immobilized enzyme. To
reduce the effect of the monolith pore structure on the
properties of the IMER, the experimental conditions for
synthesis were varied with the aim of achieving similar pore
characteristics (such as porosity and pore size) in the various
monoliths.

The columns developed here were tested for their
flow resistance, as determined from plots of the back
pressure at different flow rates. For all of the columns,
the plots were linear across a wide range of flow
velocities, confirming the structural rigidity and lack of
incompressibility of the prepared monoliths (see the
“Electronic supplementary material,” ESM, Fig. 1). Basing
on the hydrodynamic properties of the synthesized monolithic
columns, the pore characteristics of the sorbents (permeability,
mean pore size, and porosity) were calculated (see the
“Experimental” section). As it seen from Table 1, all of the
monolithic columns possessed practically the same values of
permeability and mean pore size, and quite similar values of
porosity.

The immobilization of RNase on the surfaces of the
columns made in the lab was achieved in the same way as
for the disks. However, because the bed volumes of the
monolithic columns are about 2.5 times higher than those
of the disks, the amount of directly bound RNase was
proportionally higher: 2.2–2.4 mg of enzyme per column
(Table 4). When immobilization was realized through a
macromolecular spacer, the concentrations of ox-pMAG
and RNase were reduced to 0.45 and 4.0 mg mL, respec-
tively, to keep the immobilization capacity close to that
attained using direct immobilization. The amounts of
RNase coupled by the different approaches can be found
in Table 4.

Table 3 Immobilization capacities of prepared RNase IMERs based on CIM disks, and apparent kinetic parameters for the enzymatic hydrolysis of
cytidin-2′,3′-cyclic monophosphate

IMER q RNase

(mg disk−1)
Km

(mM)
U
(μmol min−1)

Asp

(μmol min−1 mg−1)
k3
(s−1)

k3/Km

(s−1 mM−1)

Disk-RNase 0.92 1.3 0.48 0.52 0.12 0.09

Disk-ox-pMAG-RNase 0.86 1.6 0.82 0.95 0.25 0.16

Disk-ox-pMAG-RNase-Lys 0.80 7.5 0.57 0.71 0.16 0.02

Disk-ox-pMAG-RNase-hexylamine 0.90 3.3 0.55 0.61 0.14 0.04

Conditions: flow rate was 2 ml/min, substrate solution concentration was in the range 0.17–1.93 mmol L−1 , working buffer was 10 mM Tris–HCl
(pH 7.5) containing 2 mM EDTA and 0.1 M NaCl, a reaction volume of 3.4 mL was recirculated through the RNase disk IMER at 22 °C. Data were
calculated from Hanes plots (R2 00.9775–0.9963), RSD values calculated based on experiments performed in triplicate were in the ranges 2–6 %
for KM and 0.5–2 % for U
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Kinetic study

Recirculation mode

In this approach, the IMER functioned as a cyclic system
where the substrate solution recirculated through the disk
with bound enzyme for a fixed time at a chosen flow rate
(see the ESM, Fig. 2a). This approach allowed the product
to accumulate in the reaction medium.

To compare the properties of the prepared RNase disk-
based IMERs, the hydrolytic conversion of cytidin-2′,3′-
cyclic monophosphate as a specific substrate was per-
formed. The apparent Michaelis constant (KM) and immo-
bilized enzyme activity (U) as well as the indirectly
established catalytic constant (k3) were estimated using the
Michaelis–Menten kinetic theory. k3, also called the turn-
over number of the enzyme, can be calculated from the
maximum product concentration obtained under saturating
substrate conditions per time and per enzyme unit. The
kinetic parameters were determined at a fixed flow rate of
2 mL min−1 (3 cm min−1).

Michaelis–Menten curves were therefore constructed and
linearized in Hanes coordinates for all of the CIM-based
IMERs (see Fig. 3). In contrast to Lineweaver–Burke and
Eadie–Hofstee plots, where errors in the determination of
the rate of the enzymatic reaction at low substrate concen-
trations are greatly magnified, in a Hanes plot the impact of
this error is negligible [28].

The effect of the enzyme coupling method on the appar-
ent kinetic parameters for RNase immobilized on monolithic
GMA-EDMA disks is presented in Table 3. The calculated
values of KM determined for CCM hydrolysis were found to
be in the range 1.3–7.5 mM, depending on the immobiliza-
tion method. This thermodynamic parameter indicates the
strength of the enzyme–substrate complex. The values of
KM for RNase immobilized using the ox-pMAG spacer and
the direct coupling procedure were 1.6 mM and 1.3 mM,
respectively, thus demonstrating that only minor changes
occurred upon immobilization. RNase that was covalently

attached via the introduction of the ox-pMAG spacer fol-
lowed by an end-capping reaction with lysine or hexylamine
exhibited the increase of KM up to 7.5 and 3.3, respectively.

Table 4 Comparison of the properties of the heterogeneous RNase biocatalysts prepared using different monolithic columns and different
immobilization methods

Column IMER q RNase

(mg column−1)
KM

(mM)
U
(μmol min−1)

Asp

(μmol min−1 mg−1)
k3
(×10−3 s−1)

k3/KM

(×10−3 s−1 mM−1)

GMA-EDMA-RNase 2.4 0.8 0.073 0.032 7.0 8.8

GMA-EDMA-ox-pMAG-RNase 2.1 1.8 0.101 0.049 9.8 5.6

GMA-HEMA-EDMA-RNase 2.2 0.5 0.084 0.038 8.6 16.1

GMA-GDMA-RNase 2.4 0.9 0.089 0.037 8.5 9.6

Conditions: flow rate was 1.0 mL min−1 , zonal elution mode, loaded substrate solution volume was 100 μL (residence time 0.49 min), operating
buffer was 10 mM Tris–HCl buffer containing 2 mM EDTA and 0.1 M NaCl (pH 7.5), substrate concentrations were in the range 0.06–1.7 mM.
Data were calculated from Hanes plots (R2 00.9787–0.9982), RSD values were calculated for experiments performed in triplicate were in the
ranges 2–6 % for KM and 0.5–2 % for U

Fig. 3 a–b Michaelis–Menten (a) and Hanes (b) plots constructed for
the enzymatic conversion of cytidin-2′,3′-cyclic monophosphate by
RNase immobilized on CIM-epoxy disks using direct covalent attach-
ment (a), through the macromolecular spacer ox-pMAG (b), through
the macromolecular spacer ox-pMAG with lysine end-capping (c), and
through the macromolecular spacer ox-pMAG with hexylamine end-
capping (d). The flow rate was 2 mL min−1
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According to Michaelis–Menten kinetics, a high KM value
indicates that the rate of the re-dissociation process (the
breakdown of the ES complex) dominates over the associ-
ation step (ES complex formation). In contrast, a low KM

indicates that the substrate has a high affinity for the active
site of the enzyme. In our case, the observed restrictions can
be attributed to a reduction in the amount of specific inter-
actions between the immobilized enzyme and the substrate
due to its probable nonspecific binding to lysine/hexylamine
residues via electrostatic and hydrophobic bonds, respec-
tively. The increase in KM can also be explained by limited
enzyme–substrate interactions due to the surrounding ly-
sine/hexylamine microenvironment.

At the same time, RNase bound to the chemically modified
support exhibited higher activity than enzyme directly bound
to the surface. As seen in Table 3, the lowest specific activity,
0.52 μmol mg−1 min−1, was noted for RNase immobilized
using the direct coupling procedure. The introduction of the
polymer spacer ox-pMAG led to a 1.8-fold increase in the
specific activity of the bound RNase, corresponding to
0.95 μmol mg−1 min−1. In contrast to RNase immobilized
via the spacer, introduction of end-capping agents created a
microenvironment for the attached enzyme that provoked a
significant reduction in its specific activity, down to 0.71
when lysine end-capping was performed, and down to
0.61 μmol mg−1 min−1 when hexylamine was used. In any
case, these values were still higher than the activity found for
directly immobilized RNase. Thus, when operated in the
recirculation mode, the IMER prepared by introducing a mac-
romolecular spacer between the support and enzyme was
found to be favorable. In this case, the high specific activity
of the RNase immobilized via the ox-pMAG spacer can be
related to the reduced effect of the solid matrix and the easier
access of the substrate to the active site of the enzyme.

The calculated values of k3 for immobilized RNase show
the same tendency as the activity values, and were found to be
in the range 0.12–0.25 s−1 depending on the immobilization
approach employed. As seen from Table 3, the highest value
of k3, 0.25 s−1, was obtained for RNase immobilized through
the ox-pMAG spacer. In most cases, the larger value the of k3,
the greater the degree of catalysis. Usually, a decrease in the
turnover number of the immobilized enzyme is related to

restricted intrapore diffusion, which slows the enzyme kinetics
[29]. Although this factor is not relevant for monoliths, there
could still be restricted accessibility of the substrate to the
active site [18] when a particular microenvironment is present
around the immobilized enzyme.

The efficiency of enzyme catalysis can also be expressed
in terms of k3/KM [28]. This ratio is often taken as a measure
of substrate specificity. When the product formation reaction
dominates over ES complex breakdown, the catalytic pro-
cess occurs extremely rapidly, and the efficiency of the
enzyme depends on its ability to bind the substrate. In our
case, the highest values of k3/KM, 0.16 and 0.09 s−1mM−1,
were seen for RNase immobilized through the ox-pMAG
spacer as well as for that obtained in the direct coupling
procedure, thus demonstrating the high catalytic efficiency
of the bound enzyme. The introduction of charged and
hydrophobic end-capping agents led to a decrease in k3/
KM to 0.02 when lysine was used and to 0.04 when hexyl-
amine was applied. Presumably, limitations on the ability of
the immobilized enzyme to bind the substrate due to addi-
tional nonspecific interactions caused this loss of affinity.

Zonal elution mode

In contrast to recirculation, the zonal elution operative method
involves the application of a small, fixed amount of substrate
solution to a column with immobilized enzyme, and is usually
employed as an analytical tool [30] (see the ESM, Fig. 2b).

It is known that the chemical nature of the solid support
can influence the enzymatic catalysis [31, 32]. In this work,
we examined the influence of three polymethacrylate mono-
lithic materials with different hydrophilic/hydrophobic
properties on the kinetic parameters of the immobilized
RNase. These kinetic parameters were estimated using a
Hanes plot. The kinetic parameters were determined at a
fixed flow rate of 1 mL min−1 (10 cm min−1). The data
obtained are presented in Table 4. The calculated values of
KM determined for CCM hydrolysis catalyzed by RNase
directly bound to the different monoliths were found to be
in the range 0.5–1.8 mM, depending on the column type.
The KM values estimated for CCM hydrolysis by enzyme
directly bound to the monolithic support were one order of

Table 5 The effect of flow rate
on the efficiencies of RNase
disk-based IMERs operated in
recirculation mode

Conditions: see Table 3

IMER Flow rate
(mL min−1)

KM

(mM)
U
(μmol min−1)

k3
(s−1)

k3/KM

(s−1 mM−1)

Disk-RNase 0.5 0.6 0.22 0.06 0.09

1.0 0.9 0.38 0.09 0.10

2.0 1.3 0.48 0.12 0.09

Disk-ox-pMAG-RNase 0.5 0.9 0.58 0.15 0.16

1.0 1.1 0.64 0.17 0.15

2.0 1.6 0.82 0.25 0.16
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magnitude lower than those determined for the reaction
where the enzyme was immobilized through the spacer.
The lowest KM value was noted for the IMER based on
the GMA-HEMA-EDMA copolymer. The value obtained
was very close to that obtained for enzymatic catalysis in

solution. According to data published by Benčina et al., the
measured KM value for the same enzyme–substrate pair
interacting in solution was 0.6 mM [18]. The U and Asp

values slightly increased from 0.073 to 0.101 and from
0.032 to 0.049, respectively. However, in contrast to the
recirculation mode, these changes are relatively minor.
Thus, for the zonal elution mode, introducing a polymer
spacer did not appear to be a useful approach.

Unlike KM, the activity and turnover number of the
directly immobilized RNase were close to those obtained
for hydrophilic IMERs, and slightly higher than those
seen for the GMA-EDMA-based bioreactor. At the same
time, the efficiency of enzyme catalysis was the greatest
when the RNase was coupled to the surface of the
GMA-HEMA-EDMA monolithic column; in this case,
the k3/KM value was twice as high as those seen for
the two other IMERs.

Effect of the flow rate on the kinetic parameters
and the efficiencies of the IMERs

The flow rate is one of the most important influences on the
flow-through bioreactor performance. To examine the effect
of the flow rate on the kinetic parameters and efficiency of the
RNase IMERs developed here, we examined both disk and
column heterogeneous biocatalysts that were prepared by
direct immobilization and through the use of the aldehyde-
bearing ox-pMAG spacer. In these experiments, the conver-
sion of CCM substrate was investigated at different flow rates:
0.3, 0.5, and 1.0 mLmin−1 for the column IMERs and 0.5, 1.0,
and 2.0 mL min−1 for the disk IMERs. According to the data
in Table 5, when the recirculation mode was applied, the
values of KM, U, and k3 increased with increasing flow rate.
The dependence of the flow rate on the calculated specific
activity of each RNase-IMER is shown in Fig. 4. The results
obtained are in agreement with published data for enzyme
bioreactors based on polymethacrylate and polyacrylamide
macroporous monoliths [33–36]. The increase in enzymatic
activity is presumably due to the increase in the mass transfer
of the substrate to the fixed enzyme molecules and the reduc-
tion in the stagnant diffusive solvent layer at the monolith. In
another words, when the flow rate is increased, the diffusivity

Fig. 4 a–b Dependence of the specific activity of immobilized RNase
on the applied flow rate: a IMER operated in recirculation mode; b
IMER operated in zonal elution mode

Table 6 The effect of flow rate
on the efficiencies of RNase-
IMERs based on different
monolithic columns operated in
zonal elution mode

Conditions: see Table 4

IMER Flow rate
(mL min−1)

KM

(mM)
U
(μmol min−1)

k3
(×10−3 s−1)

k3/KM

(×10−3 s−1 mM−1)

GMA-EDMA-RNase 0.3 0.5 0.029 3.0 6.0

0.5 0.7 0.041 3.9 5.7

1.0 0.8 0.073 7.0 8.8

GMA-HEMA-EDMA-RNase 0.3 0.4 0.034 3.5 8.7

0.5 0.5 0.045 4.7 9.3

1.0 0.5 0.083 8.6 16.1
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of the substrate molecules in the mobile phase is enhanced
under the convective mass transfer conditions achieved on
monoliths. In turn, the increase in diffusivity with flow rate
leads to a rise in the number of efficient contacts between the
molecules of dissolved substrate and immobilized enzyme
(enzyme–substrate complex formation). In fact, taking into
account the microsecond timescales of most biocatalyzed
reactions, the formation of the enzyme–substrate complex
appears to be the rate-limiting step of this process.

However, since KM also increased with increasing flow
rate, the efficiency of enzyme catalysis (the ratio k3/KM)
remained the same for the IMER operated in recirculation
mode. For the column IMER operated in zonal elution
mode, the specific activity also increased with increasing
flow rate. For flow rates of 0.3 and 0.5 mL min−1,
corresponding to 3 and 5 cm min−1, respectively, the cata-
lytic efficiency was found to be practically the same
(Table 6). However, at a flow rate of 1.0 mL min−1

(10 cm min−1), this ratio was considerably higher. This
result is probably related to the peculiarities of the dynamic
behavior of molecules at high flow rates. The established
approach of using of high flow rates for the enzymatic
hydrolysis of small substrates thus looks to be appropriate,
considering the convective mechanism of interphase mass
transfer in porous monolithic media.

Conclusions

The introduction of a polymeric long-chain spacer as an
intermediate between the surface of the monolith and the
biocatalytic molecule was proven to have a positive effect
on ribonuclease IMERs operated in recirculation mode. In
contrast to simple RNase immobilization via the macromo-
lecular spacer, introducing end-capping agents modified the
microenvironment of the attached enzyme, leading to a
reduction in its specific activity. Among the RNase bioreac-
tors operated in zonal elution mode, the best catalytic effi-
ciency was observed for the IMER based on the hydrophilic
material GMA-HEMA-EDMA. An examination of the ef-
fect of flow rate on bioconversion efficiency indicated that
the specific activity of the enzyme increased as the flow rate
increased in both modes of operation. At the same time, the
catalytic efficiency observed for the column IMER was
almost constant as the applied flow rate was increased up
to 5 cm min−1, but the efficiency significantly increased at
10 cm min−1.

The monolithic enzyme bioreactors developed here will
be studied to assess the degradation of polynucleotides
(RNA), which is a very important consideration for the
applications described above. Moreover, a solid-phase de-
sign would uniquely allow the conversion and separation

steps to be combined into one chromatographic process, so
we plan to explore and optimize that approach.
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